Naturally occurring radioactive materials in geologic and building materials have been recommended or regulated in most countries. 226 Ra, 232 Th and 40 K are important radionuclides for building materials. Sometimes for radiation dosimetry, the activity of the radionuclides must be determined in short time. However, samples must be stored in measurement containers for 30 days for the determination of 226 Ra in traditional gamma-spectrometry. In this study, pair measurement-gamma spectrometry (PM-GS) method was studied to determine rapidly 226 Ra in geologic and building materials. The samples were measured two times within 7 days after sealing. The activity concentrations of 226 Ra, 232 Th and 40 K in geologic and building materials could be successfully determined within a week by using the PM-GS method.
Introduction
Most building materials are produced from geologic raw materials such as rocks, clay, granite and from industrial by-products such as fly ash, phosphogypsum, etc. Most geologic raw materials and industrial by-products used in building materials contain naturally occurring radioactive material (NORM) whose activity concentrations vary according to the type and origin of the building material [1] [2] [3] . 226 Ra (uranium decay series), 232 Th (thorium decay series) and 40 K have been well known as important natural radionuclides of building materials. These radionuclides are a source of gamma emitting products, which will contribute to the external radiation dose. Radon isotopes ( 222 Rn, 220 Rn) are gaseous radioactive progenies of 226 Ra and 232 Th, which will contribute to the internal radiation dose as well [4] . Radon has been well known as the most important source of exposure to natural radiation; it contributes about 50% of the total dose from natural radiation [5] . And also, it is well known that radon is the most important cause of lung cancer after smoking [6] . Determination of activity concentrations of the natural radionuclides in building materials is important in the assessment of population exposures.
Two general parameter used in the NORMs of builing materials are so called activity concentration index (I) and the radium equivalent activity (R eq ) [1] . The activity concentration index in the EU and in many other national standards regulating radioactivity of building materials is calculated on the basis of the activity concentrations of radium ( 226 Ra) in the uranium ( 238 U) decay series, thorium ( 232 Th) in the thorium decay series, and potassium ( 40 K) [1] .
where C Ra , C Th and C K are activity concentrations of 226 Ra, 232 Th and 40 K, respectively, in Bq kg −1 . The activity concentration index is derived to indicate whether the annual dose due to the excess external gamma radiation in a building may exceed 1 mSv. Dose criteria 1 mSv y −1 , for C Ra , C Th and C K are 276, 231 and 3176, respectively [1] .
Another radiological index, radium equilvalent activity (Ra eq ) was introduced [2] . The Ra eq is based on the assumption that the dose rate contribution from the same activity concentration of 226 Ra, 232 Th and 40 K is different [2, [5] [6] [7] [8] . The calculation of Ra eq assumes that 10 Bq kg −1 of 226 Ra, 7 Bq kg −1 of 232 Th and 130 Bq kg −1 of 40 K produce equal dose [2, 4, 6, 9] . The radium equivalent activity (Ra eq ) can be calculated as following equation: (1.3) and A K (0.09) [10] . Gamma spectrometry has been widely used for the determination of the activity concentrations of 226 Ra, 232 Th and 40 K in various geologic and building materials [10] [11] [12] [13] [14] . The activity concentration of 40 K can be directly determined from its gamma-line of 1460.8 keV. The activity concentration of 232 Th can be determined around 3 days after preparing the sample from 228 Ac (911.2 keV, T 1/2 = 6.15 h). In traditional gamma spectrometry, the activity concentration of 226 Ra can be determined around 30 days after preparing the sample from 214 Pb (295.1 and 351.9 keV) and 214 Bi (609.3 and 1764.5 keV), because of secular equilibrium between 226 Ra (T 1/2 = 1600 y) and 222 Rn (T 1/2 = 3.82 d) [15] [16] [17] [18] [19] [20] [21] . In some cases, the activity concentrations of these three radionuclides must be determined rapidly in order to evaluate the radiological impact by the building materials.
In the present study, a rapid method was studied for the determination of the activity concentrations of 226 Ra in geologic and building materials. The samples were measured two times at 3 (first measurement) and 7 (second measurement) days after sealing in this rapid method using a traditional gamma spectroscopy. The activity concentrations of 232 Th and 40 K could be determined by the gamma spectrum from the first measurement. The activity concentrations of 226 Ra could be estimated by the two gamma spectra from the first and the second measurements. The activity concentratios of 226 Ra, 232 Th and 40 K in building materials could be determined rapidly within 1 weeks by the pair measurement-gamma spectrometry (PM-GS) method presented.
Experimental

Sample preparation
The geologic raw materials and building materials collected in this work were granite rocks, sands, gravels and concretes which were frequently used as building materials in Korea. The materials were crushed, ground and sieved with two sieves with 10 and 100 meshes (grain size of 150-2000 μm). The grain samples were dried at 105 °C for 24 h in an electric oven and then cooled in desiccators to constant weight. The samples were homogenized, weighed and then sealed in 250 mL radon-tight aluminum cans [22] . The volumes were 250 mL for all samples. The density of samples were 1.30 and 1.44 for two granite rocks, 1.13 and 1.66 for two sands, 1.30 and 1.93 for two gravels, 1.38 and 1.51 for two concretes.
(2) Ra eq = A Ra + 1.43A Th + 0.077A K
Gamma-ray measurement
Activity measurements were carried out two times using HPGe detector (efficiency: 30%, fwhm: 1.8 keV at 1.33 MeV, EG & G ORTEC). The HPGe detector was placed in a lead shield to reduce the background γ-ray entering from surroundings. The detector was cooled with liquid nitrogen. Nitrogen gas evaporated from the dewar was transferred continuously to the lead shield to reduce background radiation by airborne radionuclides such as 214 Pb and 214 Bi which are daughter of radon ( 222 Rn) entering from surrounding air [23] . Energy and efficiency calibrations of the detector were carried out using a certified reference material (CRM No. 205-05-639) obtained from Korea Research Institute of Standard and Science (KRISS). The sample cans were identical to that containing certified reference material. The variations of the detector efficiency with the sample density and height was measured using the Monte Carlo method for the aluminium cans used for packing the CRM and samples [24] .
Six geologic raw materials (2 granite rocks, 2 sands, 2 gravels) and two building materials (2 concretes) were measured two times at 3 (first measurement) and 7 (second measurement) days after sealing using HPGe detector system. All the samples were measured 30 days after sealing to compare the rapid method presented and the traditional method. A radium standard solution (KRISS, CRM No. 205-01-325) was examined to investigate leakage of the radon-tight aluminium can used for sample packing in this work.
Activity determination
The activity concentrations of 40 K was determined directly from its gamma-line (1460.8 keV) of the gamma spectrum collected from the first measurement (3 day's sealing). The activity concentration of 232 Th was determined from 228 Ac progeny (911. Subscripts t 1 and t 2 are elapsed times form sealing to the first and to the second measurement, respectively.
Results and discussion
Gamma-ray measurement
Nitrogen gas evaporated from the liquid nitrogen dewar was transferred continuously to the lead shield of HPGe detector to reduce background radiation from radon progenies such as 214 Bi and 214 Bi. Activity of radon ( 222 Rn) from its 218 Po (T 1/2 = 3.1 m) progeny in air of the lead shield was measured continuously for 24 h with and without nitrogen gas transfer using the radon-in-air detector (RAD7, Durridge Co., US) ( Fig. 1 ). Activity of radon in surrounding air of the counting room was also measured for 24 h using the same detector. Average activities of radon in air of the shield with and without nitrogen gas transfer were 0.006 ± 0.013 cpm (Max.: 0.573, Min.: 0.107) and 0.302 ± 0.094 cpm (Max.: 0.037, Min.: 0.000), respectively. Average activity of indoor radon in the counting room was 0.430 ± 0.288 cpm (Max.: 1.300, Min.: 0.000). The activity of radon in the lead shield by nitrogen gas transfer was reduced about 98% in this work. In the previous work [23] , using two nitrogen cylinders instead of liquid nitrogen dewar in this work, the peak counts of background radiation from the daughters of 222 Rn was decreased about 80%. As we found in the previous work, nitrogen gas transfer allows an approximately tenfold increment of sensitivity.
Large volume of sample containers were used usually for the determination of low level activity concentration of 226 Ra, 232 Th and 40 K in geologic raw materials and building materials. The density of samples must be corrected for the detection efficiency considering self absorption effect. The variation of the detection efficiency with apparent density of the samples was investigated and already reported [22] . As shown in the previous report, sample density must be corrected for self absorption in the γ-energy range of below 1000 keV. The density of the samples were corrected for the determination of the activity concentrations of 226 Ra, 232 Th as well as 40 K in this work.
For the determination of 226 Ra in geologic materials by gamma spectrometry, the samples have to be sealed in the large sample containers for around 30 days to reach secular equilibrium between 226 Ra and 222 Rn with its progenies 214 Bi and 214 Pb. We investigated the leakage of the aluminium sample can using a radium standard solution as similar process in the previous work [22] . Gaseous radon in the aluminium sample can did not escaped for 60 days' sealing ( Fig. 2) . Activity of 226 Ra and 222 Rn in the radium stock solution in the aluminium sample can with equilibration time can be found in Fig. 2 . As shown in Fig. 2 , there was no loss of gaseous radon from the aluminium sample can used in this work for 60 days.
Activity determination
A rapid gamma spectrometry was studied for the determination of the activity concentrations of 226 Ra, 232 Th and 40 K in geologic raw materials and building materials within a week, using traditional gamma spectroscopy system. The samples were measured two times (pair measurement) within 7 days' sealing in this work instead of a time after 30 days' sealing by traditional gamma spectrometry [15] [16] [17] [18] [19] [20] [21] . Using the gamma ray spectrum from the first measurement at 3 days' sealing, activity concentration of 40 K was determined directly using 1460.8 keV γ-line. Because of its long half-life (1.277e9 y), activity concentration of 40 K could be determined using the gamma spectrum from the second measurement. The activity concentrations of 232 Th in geologic and building materials could be determined both from the first and the second gamma spectra, using 228 Ac progeny (911.2 keV, T 1/2 = 6.15 h). The activity concentrations of 226 Ra (T 1/2 = 1600 y) was estimated from 214 Pb (295.1 and 351.9 keV, T 1/2 = 26.8 m) and 214 Bi progenies (609.3 and 1764.5 keV, T 1/2 = 19.7 m) of the gamma spectra from the first and from the second measurement using the above Eq. (3).
Elapsed time, h
To compare with the traditional gamma spectrometry and to verify the pair measurement-gamma spectrometry (PM-GS) method presented, the third measurement was conducted for all samples ( Table 1 ). The activity concentrations of 226 Ra in five geologic raw materials and two building materials by the PM-GS method and by the traditional gamma spectrometry method were in good agreement within 10% relative deviations. For one sample, granite-2, the difference of the activity concentration of 226 Ra was 11.55%.
Conclusions
A rapid and simple method was studied for the determination of 226 Ra, 232 Th and 40 K in geologic raw materials and building materials by gamma spectrometry. The samples were measured two times at 3 days and 7 days after sample preparation (so called pair measurement-gamma spectrometry; PM-GS). Using the PM-GS presented, three important natural radionuclides of 226 Ra, 232 Th and 40 K in geologic and building materials could be determined within a week instead of 30 days using traditional gamma spectrometry. Table 1 The activity concentrations of 226 Ra, 232 Th and 40 K determined by the pair measurement (PM) gamma spectrometry and traditional (TR) gamma spectrometry (Bq kg −1 ) *PM 12 is the activity concentration of 226 Ra calculated by Eq. (3) using two gamma spectra from the first and second measurements. TR is the activity concentration of 226 Ra determined from the third measurement as traditional gamma spectrometry. PM 12 is the activity concentrations of 232 Th and 40 K determined from the first measurement. * Difference (%) = 100 × (PM-TR)/TR. Parentheses are standard uncertainty (± 1 SD). I is activity index of building materials in Eq. (1) . Ra eq is the radium equivalent activity in Eq. (3) 
